In 1986, human herpesvirus 6 (HHV-6) was first isolated from the lymphocytes of a patient with lymphoproliferative disorder (11) . HHV-6 is now divided into two distinct classes designated HHV-6A and HHV-6B or variant A and variant B (5). Yamanishi et al. (21) reported that HHV-6 is a causative agent of exanthem subitum, and HHV-6 has since been shown to be associated with a spectrum of diseases, including febrile convulsions (9) , encephalopathy (7) , and liver disease. HHV-6 infection has also been associated with acute liver injury and fulminant hepatitis (2, 5, 15, 18) . Recently we have used an in situ hybridization method to show that hepatocytes primarily infected with HHV-6 in the liver of a patient with chronic hepatitis were associated with persistent HHV-6 infection (19) . Our case report suggested that HHV-6 may cause prolonged liver dysfunction through direct hepatocytopathy.
Infection with HHV-6, which is usually acquired in early childhood (10) , is widespread in the human population, as shown by the presence of specific antibodies in Ͼ90% of healthy adults (12) . As a result of the primary infection, HHV-6 is presumed to establish a latent infection, and the viral DNA can be detected in the salivary glands, lymph nodes, urinary tracts, skin, and genital tracts (4) . Previous studies have reported that the viral genome was not detectable in the livers of patients who underwent liver transplantation (22) . However, the frequency of HHV-6 infection in the liver has not been studied in healthy individuals or in patients with other liver diseases, including non-B non-C hepatitis. Therefore, we considered it important to determine the incidence of HHV-6 infection in the livers of these patients.
In this study, we used PCR methods to determine the presence of HHV-6-specific genomes in the livers of pediatric patients with various liver diseases. We then evaluated the role of HHV-6 infection in children with prolonged liver dysfunction of unknown etiology.
MATERIALS AND METHODS
Patients. During 10 years, from 1991 to 2000, approximately 260 pediatric patients underwent a liver biopsy in our institute as part of their diagnosis of liver disease or assessment of chronic liver disease. Their liver diseases included hepatitis B virus (HBV) infection (n ϭ 75), hepatitis C virus (HCV) infection (n ϭ 65), non-B non-C hepatitis (n ϭ 28), neonatal hepatitis (n ϭ 17), biliary atresia (n ϭ 12), primary sclerosing cholangitis (PSC; n ϭ 12), fatty liver (n ϭ 10), cytomegalovirus (CMV) infection (n ϭ 8), autoimmune hepatitis (n ϭ 8), glycogen storage disease (GSD; n ϭ 7), Alagille syndrome (n ϭ 6), Wilson disease (n ϭ 6), and other diseases (n ϭ 6). For some patients written informed consent to preserve extra liver tissue for future studies was obtained. Liver biopsy materials were immediately frozen in dry ice-2-methylbutane and kept in a deep freezer at Ϫ80°C until the time of study. At least one sample of liver biopsy tissue from each of 48 patients was available for a molecular determination of HHV-6 (Tables 1 and 2 ). Liver diseases of these 48 subjects included HBV infection (n ϭ 11), HCV infection (n ϭ 7), non-B non-C hepatitis (n ϭ 9), neonatal hepatitis (n ϭ 3), PSC (n ϭ 2), fatty liver (n ϭ 2), CMV infection (n ϭ 2), GSD (n ϭ 2), and Alagille syndrome (n ϭ 4). In addition we had available single patients with Dubin-Johnson syndrome, biliary atresia, biliary cirrhosis, congenital fibrosis, congestive heart disease, and Wilson disease. Thirty-one of the 48 subjects were also tested for the presence of the HHV-6 genome in peripheral blood mononuclear cells (PBMC) at the time of their liver biopsies.
Of the 48 patients, 37 underwent a liver biopsy when their liver disease was in the active stage. Patients were classified as having active disease by an elevation in their alanine aminotransferase (ALT) levels (mean of 136.9 U/liter with a range of 34 to 506 U/liter). In the remaining 11 patients a liver biopsy was performed when they showed normal ALT activities (15.8 [range, 6 to 24] U/liter). A liver biopsy was needed to assess the histology after the resolution of the liver diseases in eight patients and to make a diagnosis of noninflammatory liver disease in three patients. The underlying disease of these 11 patients included HBV infection (n ϭ 2), HCV infection (n ϭ 2), and non-B non-C hepatitis (n ϭ 2), with single patients diagnosed with neonatal hepatitis, PSC, hepatic fibrosis, fatty liver, or congestive heart disease. Of the eight patients that had resolved their liver disease, six patients showed a natural remission while two patients sustained remission after interferon therapy for chronic HBV infection. The histology revealed minimal, or no, inflammation of the liver in these eight patients.
For this study we defined prolonged non-B non-C hepatitis by the following standards: an elevation in serum ALT (м30 U/liter) for more than 3 months and negative serologic markers for hepatitis A virus, HBV, HCV, CMV, and EpsteinBarr virus with undetectable hepatitis G virus genome in the serum. Of the 48 patients enrolled 9 met these criteria (Tables 1 and 2 ) and were subjected to further evaluation. Their mean age at onset was 5.6 months (range, 1 to 15 months), and their mean age at the time of liver biopsy was 24 months (range, 10 to 64 months). A patient whose case was previously reported (19) was also included.
Markers for other viruses. Serum samples were tested for hepatitis B surface (HBs) antigen, anti-HBs, and anti-hepatitis A immunoglobulin M (IgM) by radioimmunoassay and were analyzed for anti-HCV with a second-generation enzyme-linked immunosorbent assay. HCV RNA in the serum was assayed by the reverse transcription-PCR (RT-PCR) method (17) . Hepatitis G virus RNA in the serum was also assayed by an RT-PCR method described by Simons et al. (14) . Specific antibodies were assayed for Epstein-Barr virus and CMV.
Specific tests for HHV-6 infection. (i) Antibody detection. Titers of IgG and IgM antibodies against HHV-6 in sera were determined by an indirect immunofluorescence assay (1) .
(ii) Sample preparation, PCR, and detection of PCR products. PBMC were mixed with K buffer (20) (10 5 PBMC in 10 l of K buffer) and incubated for 3 h at 56°C as previously described (8) . Samples were then heated at 98°C for 10 min to denature proteinase K and immediately cooled on ice. Nucleic acids were extracted from 100 l of plasma using the sodium iodine method (Wako Pure Chem. Ind. Ltd., Osaka, Japan). Twenty microliters of the extract was used as a template for PCR. DNA in the liver was extracted using the QIAamp tissue kit (Qiagen, Hilden, Germany). PCR for the detection of HHV-6 DNA in PBMC, plasma, and liver tissue was performed as previously described (8) . A nested PCR was adopted by using the primers derived from the immediate-early gene locus of HHV-6. The sequences of the outer primers were 5Ј-TTCTCCAGAT GTGCCAGGGAAATCC-3Ј and 5Ј-CATCATTGTTATCGC TTTCACTCTC-3Ј. The sequences of the inner primers were 5Ј-AGTGACAGATCTGGGCGG CCCTAATAACTT-3Ј and 5Ј-AGGTGCTGAGTGATCAGTTTCATAACCAA A-3Ј.
The PCR was performed in 0.5-ml microcentrifuge tubes in a thermal cycler (Perkin-Elmer Cetus). The incubation mixture, with a total volume of 40 l, contained 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 200 M (each) deoxynucleoside triphosphate, and 2.5 U of Taq DNA polymerase (Takara Shuzo, Kyoto, Japan). Ten microliters of sample was subjected to 30 cycles of amplification. The cycle consisted of a 1-min denaturation step at 94°C, a 2-min annealing step at 62°C, and extension steps of 3, 4, and 5 min at 72°C for 10 cycles. The outer primers were used at 1.0 M each. After the first run of 30 cycles, 5 l of the PCR product was added to 45 l of reaction mixture containing 1.0 M inner primers (the reaction mixture was the same as in the first PCR). All samples were prepared and assayed twice. In the PCR assay, we used distilled water as the negative control in each assay. Five microliters of the reaction mixture was subjected to electrophoresis on a 2.0% agarose gel, and DNA was located by UV fluorescence after staining with ethidium bromide. HHV-6 can be classified into HHV-6A and -6B using the PCR primers described above (20) . The first PCR amplification products were 325 bp for HHV-6A and 553 bp for HHV-6B. The nested double-PCR amplification products were 195 bp for HHV-6A and 421 bp for HHV-6B.
(iii) Southern blot hybridization of amplified product. To confirm the specificity of the PCR amplification products, a hybridization technique with alkaline phosphatase-conjugated oligonucleotide probes was performed. The sequence of the specific oligodeoxynucleotide probe for HHV-6B was 5Ј-TAAATCCATTA CTGGCCTTGAA-3Ј (3). Five microliters of PCR product was separated by electrophoresis, and DNA was transferred to a nylon membrane. The membrane was treated with 0.4 N NaOH for 4 h and then neutralized with 4ϫ standard saline citrate (SSC; 0.6 M NaCl, 0.06 M sodium citrate) for 15 min. After the membrane was dried at 37°C for a few hours, prehybridization (5ϫ SSC with 0.5% polyvinylpyrrolidone, 0.5% bovine serum albumin fraction V, and 1% sodium dodecyl sulfate [SDS]) was performed for 15 min at 50°C. Hybridization was performed for 15 min at 50°C by shaking with the equivalent of 100 ng of HHV-6B-specific probe/ml in sealed plastic bags containing 5ϫ SSC, 0.5% polyvinylpyrrolidone, 0.5% bovine serum albumin fraction V, 1% SDS, 10 mM MgCl 2 , 1 mM ZnCl 2 , and 0.1% sodium azide. The membrane was washed once with 2ϫ SSC with 1% SDS for 10 min at 50°C and then washed once with 1ϫ SSC with 0.5% Triton X-100 for 10 min at room temperature. The membrane was then placed in the color-producing reagents, which contained 0.33 mg of 4-nitroblue tetrazolium chloride/ml and 0.17 mg of 5-bromo-4-chloro-3-indolylphosphate (BCIP)/ml, for 30 min at 37°C in the dark.
(iv) In situ hybridization of liver tissue. The digoxigenin-labeled HHV-6 probe used for in situ hybridization was prepared by using a PCR labeling method. The labeled PCR product was amplified from the immediate-early gene locus of HHV-6B (19) . In situ hybridization was carried out on formaldehydefixed, paraffin-embedded liver sections. Paraffin was removed by incubation in xylene and serial ethanol washes of decreasing concentrations. The sections were digested with 1 mg of proteinase K/ml for 10 min at 37°C. Denaturation was performed in 70% formamide-2ϫ SSC for 3 min at 75°C. Hybridization buffer contained 0.02 M Tris-HCl, 0.3 M NaCl, 2% salmon sperm DNA, 1ϫ Denhardt solution, 10% sodium dextran sulfate, and 50% formamide. After prehybridization for 1 h at 42°C, the sections were hybridized with the denatured HHV-6B probe diluted in the same buffer (1:50) overnight at 42°C followed by two washings in 1ϫ SSC for 5 min at 50°C. The hybridization probe was immunohistochemically detected by using alkaline phosphatase-conjugated antidigoxigenin antiserum and visualized with BCIP and 4-nitroblue tetrazolium chloride.
RESULTS
HHV-6 infection in the 48 subjects enrolled for this study was confirmed by the presence of anti-HHV-6 antibodies in their serum at the time of liver biopsy. The HHV-6B genome was detected in the livers of 36 of the 48 patients (75%) using the nested-PCR method (Tables 1 and 2 ). The viral genome was also detectable in PBMC of 22 of the 31 (71%) patients tested. The genomes detected in both the liver and PBMC were all those of HHV-6B as demonstrated by the lengths of the PCR products and by Southern blot hybridization using the variant-specific probe. In 20 patients the HHV-6 genome was detected in both the liver and PBMC. In three patients the genome was detectable in the liver but not in PBMC, and in two patients it was detectable in PBMC but not in the liver. In the remaining six patients the virus was undetectable in either PBMC or the liver.
When analyzed in terms of activities of liver disease at liver biopsy, HHV-6B DNA was detectable in 9 of the 11 patients (82%) with normal ALT activities and in 27 of 37 patients (73%) who showed elevated levels of transaminases (P ϭ 0.436). In a particular patient with prolonged CMV hepatitis (case 18), whose liver function normalized after treatment with high-titer anti-CMV gamma globulin and ganciclovir, HHV-6B was detectable in the liver by PCR both prior to the therapy and 15 months after the resolution of CMV hepatitis.
The 48 subjects were divided into two groups, DNA positive (Table 1 ) and DNA negative (Table 2) , according to the presence of HHV-6B DNA in the liver, and the demographic data for these two groups of patients were compared. Distributions by sex and age for the two groups were not statistically different. When analyzed in terms of diagnosis, the viral DNA was detectable in 24 of 29 patients with viral hepatitis, in 8 of 12 with cholestatic disease, and in 4 of 7 patients with other liver disease. The rates of occurrence among these three disease groups were not statistically significantly different. Furthermore, the rates of occurrence of cholestatic liver disease and noncholestatic liver disease were similar (8 of 12 versus 28 of 36; P ϭ 0.874). The rate of detection of the HHV-6B genomes in PBMC correlated positively with the detection of HHV-6 in the liver (20 of 23 versus 2 of 8; P ϭ 0.002). However, the presence of HHV-6B DNA in the liver was not associated with levels of anti-HHV-6 IgG antibodies in serum, whether compared on the basis of the mean titer of antibodies or on the basis of the distribution of high-titer patients (data not shown).
To investigate the role of HHV-6 infection in prolonged non-B non-C hepatitis, nine patients were studied for the presence of the IgM antibody to HHV-6 and for cell-free viral DNA as a marker of active viral replication (Tables 1 and 2 ). In addition, 22 patients with liver diseases of known etiology from the 48 subjects were also assessed (22 for the IgM antibody and 15 for free virus). The anti-HHV-6 IgM antibody was detectable in two of nine of the non-B non-C hepatitis group, whereas no patients with etiology-defined liver diseases tested positive. Cell-free viral DNA was not detectable in any patient of either group.
In situ hybridization for HHV-6B DNA in liver tissue was performed in six cases, including three cases of non-B non-C hepatitis, one case of chronic hepatitis B, one case of chronic hepatitis C, and one case of CMV hepatitis (Table 1) . Hybridization signals were primarily found within the nuclei of the parenchymal hepatocytes and, to a lesser extent, within a few sinusoidal mononuclear cells (Fig. 1) . No HHV-6-positive cells were found within either the portal tracts or the biliary epithelial cells, with the exception of case 12, for which hybridization signals were observed within the nuclei of the biliary epithelial cells (19) .
DISCUSSION
In the present study the sequences of the HHV-6B genome but not of the HHV-6A genome were detectable in the livers of 75% of the children with a variety of liver diseases. Our findings suggest that HHV-6B does not reside only in lymphocytes within the liver but can also infect hepatocytes. In our study the genome of HHV-6 was detectable in the livers of three children but undetectable in their PBMC. Additional experiments, using in situ hybridization to probe liver tissue, found HHV-6B DNA more prominently located in hepatocytes than in intrahepatic mononuclear cells. In vitro studies have shown that HHV-6 can infect human hepatoma cell line Hep G2 cells (6) . This is consistent with our results showing that HHV-6B can infect hepatocytes with a high frequency. Further studies are needed to elucidate whether HHV-6B can establish latent infection within the liver as it does in the salivary glands and in lymph nodes.
We analyzed the association of viral infection and liver disease at the time of liver biopsy. HHV-6B DNA was detectable in 82% of the patients with normal ALT activities, including the patient whose CMV-associated hepatitis had resolved. A similar detection rate (73%) in those who showed elevated levels of transaminases was observed. These findings suggest that HHV-6B infection of the liver may not be the cause of liver injury in patients whose underlying liver diseases are inactive.
We observed a high correlation between the detection of HHV-6B genomes in the liver and in PBMC. This finding suggests that HHV-6B infection is more widespread and viral load is greater in children who had viral infection in their liver than in those without hepatic involvement. Otherwise, neither sex, age, the diagnosis of liver disease, nor the titer of anti-HHV-6 antibodies was associated with the presence of HHV-6B DNA in the liver.
Yoshikawa et al. (22) reported that HHV-6 DNA was not detected in the livers of living related liver transplant recipients. The discrepancy between our findings and that report may be explained by the difference in the techniques used to assay for the virus. The Yoshikawa study used sections of liver tissue cut from paraffin-embodied blocks. In our study liver tissue to be assayed was immediately frozen and stored frozen until the PCR assay. Another possibility is that cholestasis suppresses infection of hepatocytes with HHV-6. A majority of their patients had biliary atresia and associated cholestatic liver disease. However, this is less likely since six of nine of our cholestatic patients also tested positive for HHV-6 DNA, a rate similar to that for noncholestatic patients.
Our study evaluates the occurrence of HHV-6 infection in children with prolonged liver dysfunction of unknown etiology. Since HHV-6 DNA is ubiquitous and since infection can be latent, the mere detection of viral DNA in tissues gives no information about the association between HHV-6 and disease (4) . To detect the presence of active HHV-6 infection, we tested for IgM and/or free viral DNA in the plasma. In our study two of nine children with non-B non-C hepatitis tested positive for the IgM antibody whereas none of the patients with liver disease of known etiology were positive. However, the presence of anti-viral IgM antibodies might not necessarily indicate active infection. A periodic reactivation of latent HHV-6 is suggested by the observation that 4 to 5% of healthy donors may be positive for the presence of the HHV-6-specific IgM antibody (16) . Therefore, the use of assays that detect the presence of the viral DNA in serum or plasma may add important information about the role of HHV-6 in specific disease (4) . Viral DNA has been reported to be detectable in the serum of 86% of children with exanthem subitum and in 22% of human immunodeficiency virus-infected patients but is not found in healthy adults (13) . This suggests that HHV-6 replication might be tightly controlled in individuals with competent immune systems. In our study cell-free viral DNA was not detectable in patients with non-B non-C hepatitis or in those with hepatitis of known etiology. Our results do not support an assumption that persistent infection of the liver with HHV-6 may have an association with prolonged non-B non-C hepatitis. It is possible that in some patients with non-B non-C hepatitis, where known agents have been definitely excluded, persistent infection with HHV-6 could be a cause of their liver disease. In such patients an active immune response might confine viral infection within the liver to the extent that detectable virus is not shed into the circulation. Further studies are required to elucidate any association between HHV-6 infection and prolonged non-B non-C hepatitis by comparing HHV-6 hepatitis patients with control subjects of similar ages whose liver function is normal.
In conclusion, our results showed that HHV-6B is frequently present in the livers of children with various liver diseases. Our study does not provide evidence to support the hypothesis that persistent HHV-6B infection of the liver may have an association with prolonged non-B non-C hepatitis.
